Abstract. The aims of the present study were to establish a culture system for goat skeletal muscle stem cells and to examine their myogenic and adipogenic properties in vitro. Cells were isolated from the skeletal muscle of the Shiba goat and cultured in vitro. Most of the cells were positive for myogenic markers, such as Pax7, MyoD, and desmin, and immunocytochemistry revealed they differentiated to form myotubes expressing myosin heavy chain, indicating they were highly myogenic. Myogenic differentiation was strongly suppressed by the addition of basic fibroblast growth factor, while proliferation was unaffected. When the cells were cultured in adipogenic differentiation medium, some of the cells differentiated into mature adipocytes that stained with Oil Red-O. These cells were immunocytochemically positive for adipogenic markers, including peroxisome proliferator-activated receptor-γ (PPARγ) and CCAAT/enhancer-binding protein-α (C/EBPα). These results clearly demonstrate the presence of both myogenic and adipogenic stem cells in goat skeletal muscle.
keletal muscle contains several types of stem cells, including satellite cells that reside beneath the basal lamina of skeletal muscle fiber [1] and other populations of cells that reside in the interstitial spaces of skeletal muscle [2] .
In adult skeletal muscle, satellite cells are mitotically quiescent [2] . When challenged by mitogens, such as fetal bovine serum after extirpation into culture, they are activated and proliferate to produce progeny (myoblasts). Proliferating myoblasts then differentiate and fuse to form multinucleated cells (myotubes). At the cellular level, myogenesis is characterized by sequential expression of myogenic regulatory factors comprising Myf-5, MyoD, myogenin, and MRF4. Of these factors, satellite cells rapidly initiate MyoD upon activation [2, 3] . Both quiescent satellite cells and their progeny (myoblasts) are generally characterized by expression of Pax7, and its expression rapidly declines when they differentiate [2] . When they terminally differentiate to form myotubes, they begin expression of contracting protein (sarcomeric myosin) [2] . Desmin, an intermediate filament, is another marker used for identifying cells with myogenic properties, yet its expression in proliferating satellite cells (myoblasts) remains controversial in some species [4, 5] .
Recent observations in rodents [6] [7] [8] and humans [8] indicate that skeletal muscle stem cells (both satellite cells and the cells in the interstitial spaces of skeletal muscle) possess the capability not only to be myogenic stem cells but also to be multipotent stem cells, since cells cultured in the presence of specific cell lineage inducing cocktails can differentiate into several types of mesenchymal lineage, such as osteocytes and adipocytes. For example, we previously reported that some, but not all, rat satellite cells are capable of differentiating into adipocytes when they are cultured in adipogenic differentiation medium that consists of insulin, dexamethasone, 3-isobutyl-1-methylxanthine (IBMX), and troglitazone [9] . The resulting adipocytes were characterized by the expression of adipogenic markers, PPARγ and C/ EBPα, and by the presence of lipid droplets stained by Oil Red-O [9] .
Despite the accumulated evidence showing the presence of stem cells harboring mesenchymal multipotency in the skeletal muscle of rodents and humans, few studies have been reported regarding the multipotency of ruminant skeletal muscle stem cells. Therefore, in the present study, stem cells were isolated from goat skeletal muscle and their myogenic and adipogenic properties were examined in vitro.
Materials and Methods

Animals
The present study used 1-year-old adult male Shiba goats (Capra hircus) that were maintained for experimental purposes as a closed colony at the experimental farm of The University of Tokyo. All experiments were conducted according to the Guidelines for the Care and Use of Laboratory Animals of The University of Tokyo.
Isolation and culture of skeletal muscle cells
After administration of anesthetic by intravenous injection of ketamine (150-200 mg), the goats were euthanized by intravenous injection of an overdose of potassium chloride solution. Skeletal muscle stem cells were isolated from the M. peroneus longus, M. longissimus thoracis, or Diaphragma according to a previously described method for isolation of rat satellite cells [4, 9] . Briefly, the muscles were cleaned of connective tissue, minced, and subjected to 1.25 mg/ml pronase digestion followed by differential centrifugation. Typically, 8-well chamber slides (BD Biosciences, Bedford, MA, USA) precoated with poly-L-lysine (Sigma, St. Louis, MO, USA) and fibronectin (Invitrogen, Carlsbad, CA, USA) were used for culture, and the cells were plated in triplicate at a density based on the starting tissue weight from which the cells were isolated (0.25 g of muscle tissues per well). The cells were cultured in Dulbecco's Modified Eagle Medium (DMEM; Invitrogen) with 10% fetal bovine serum (10% FBS), 50 U/ml penicillin, 50 µg/ ml streptomycin sulfate, and 50 µg/ml gentamicin (10% FBS/DMEM) at 37 C in a humidified atmosphere of 5% CO 2 and air. In the experiment in which the effect of basic fibroblast growth factor (bFGF) on myogenic differentiation was examined, bFGF (human recombinant; R&D Systems, Minneapolis, MN, USA, 10 ng/ml) was added to the culture medium and the cells were cultured for 6 days. The medium was changed every other day.
For experiments in which the cells were cultured with adipogenic differentiation medium, freshly isolated cells were initially plated in 10% FBS/ DMEM. One day after plating, the medium was replaced with 10% FBS/DMEM supplemented with insulin (1 µg/ml), dexamethazone (0.1 µg/ ml), IBMX (27.8 µg/ml), and troglitazone (10 µM; kindly donated by Sankyo Co., Ltd., Tokyo, Japan) and cultured for 2 days. The medium was then switched to 10% FBS/DMEM supplemented with insulin and troglitazone, and the cells were cultured for an additional 2 days. Thereafter, they were cultured in 10% FBS/DMEM supplemented with only troglitazone for an additional 2 days.
Oil Red-O staining for identification of mature adipocytes
Oil Red-O staining was used for detection of accumulated cellular lipid droplets. Cells were fixed in 4% paraformaldehyde (PFA) in phosphate b u f f e r e d s a l i n e ( P B S ) f o r 1 0 m i n a t r o o m temperature (RT), rinsed 3 times with PBS, stained with Oil Red-O working solution [2:3 mixture of 0.5% (w/v) Oil Red-O (Sigma) in 2-propanol and distilled water] for 7 min, and rinsed with PBS. Observations were made using a microscope (BX50, Olympus, Tokyo, Japan) equipped with a digital camera (DP70, Olympus).
Immunofluorescence C e l l s w e r e s u b j e c t e d t o i n d i r e c t immunofluorescence for detection of cyclin D1, Pax7, MyoD, desmin, sarcomeric myosin, PPARγ and C/EBPα. They were fixed in 4% PFA in PBS at RT for 15 min except for staining of desmin, cyclin D1, and C/EBPα in which cells were fixed in ice-cold methanol (-20 C). After fixation, the cells were washed 3 times with PBS. Cells were then blocked with 5% normal goat serum (NGS)/PBS containing 0.1% Triton-X 100 (Sigma) for 20 min at RT. When the cells were fixed with methanol, Triton-X 100 was omitted from the blocking solution. After blocking, the cells were washed 3 times with PBS and then reacted with primary antibodies (described below) for 2 h at RT. After 3 washes with PBS, the cells were incubated with AlexaFluor conjugated-secondary antibodies (Invitrogen) for 1 h at RT. Nuclei were counterstained with Hoechst 3 3 2 5 8 . O b s e r v a t i o n s w e r e m a d e u s i n g a fluorescence microscope (BX50) equipped with a digital camera. For quantitative analysis of myogenic differentiation, the number of nuclei in sarcomeric myosin-positive cells and total nuclei were counted in 5 randomly chosen microscopic fields using a 20 × objective to calculate the percentage of sarcomeric myosin-positive nuclei.
The following primary antibodies were used: Anti-cyclin D1 [rabbit, Santa Cruz Biotechnology (SCBT), CA, USA, 1:100 dilution]; anti-Pax7 [mouse, purified IgG fraction, Developmental Studies Hybridoma Bank (DSHB), 1:200 dilution]; anti-MyoD (mouse, clone 5.8A, Novocastra, Newcastle upon Tyne, UK, 1:100 dilution); antidesmin (mouse, clone DE-U-10, Sigma, 1:400 dilution); anti-sarcomeric myosin (mouse, clone MF20, hybridoma supernatant, DSHB, 1:10 dilution); anti-PPARγ (mouse, clone E-8, SCBT, 1:200 dilution); and anti-C/EBPα (rabbit, SCBT, 1:200 dilution). All primary antibodies and AlexaFluor conjugated-secondary antibodies were diluted with 5% NGS/PBS. For double-staining of two antigens, primary antibodies and secondary antibodies were applied simultaneously. In some case, cells were co-stained with Oil Red-O after immunofluorescence.
Statistical analysis
Graphed data were analyzed by the two-tailed unpaired Student's t-test. Differences were considered significant at P<0.05.
Results and Discussion
The aims of the present study were to establish a culture system for goat skeletal muscle stem cells and to examine their myogenic and adipogenic properties in vitro.
Skeletal muscle stem cells were enzymatically isolated from the M. peroneus longus of adult male Shiba goats and cultured in 10% FBS/DMEM. To evaluate the myogenic properties of the cells obtained, expression of myogenic markers, such as Pax7, MyoD, desmin, and sarcomeric myosin, was immunocytochemically analyzed. On day 2 of culture, most cell nuclei were positive for Pax7 and MyoD, and cytoplasmic staining of desmin was observed in most of the cells (Fig. 1A-F) , indicating that the cells obtained in the present study mostly consisted of adult myogenic stem cells (satellite cells). When the culture was extended to 4 days, some cells fused to form multinucleated cells (myotubes) and were stained with anti-sarcomeric myosin ( Fig. 1G and H) , indicating the occurrence of terminal myogenic differentiation. Of the myogenic markers examined, species differences in the expression of desmin in proliferating satellite cells have been noted previously. Allen et al. [4] showed that desmin is expressed in proliferating rat satellite cells but not in proliferating bovine satellite cells. Yablonka-Reuveni and Nemeroff [5] noted that the progeny of adult myoblasts (proliferating satellite cells) in the chicken exhibit more desmin-expressing cells than embryonic myoblasts do. In order to d iscover if the proliferating goat satellite cells expressed desmin or not, double-staining for desmin and cyclin D1, proliferating cell marker, was performed on day 2 of culture. As shown in Fig. 2 , nearly all of the nuclei of desmin-expressing cells were co-labeled with anti-cyclin D1, indicating that desmin is expressed in proliferating satellite cells in the goat and that desmin can be used as a marker for identifying satellite cells in this species. Proliferation and differentiation of skeletal muscle stem cells are under the control of several growth factors [2, 10] . Amongst these growth factors, bFGF is a well-characterized regulatory factor that is indispensable in the control of myogenesis. In general, bFGF is known to enhance proliferation of myogenic cells and to strongly suppress their terminal differentiation [2] . This has been shown in several species, including murine [11] , equine [12] , and avian species [13, 14] . In order to discover the effect of bFGF on goat skeletal muscle stem cells, the cells were cultured in 10% FBS/DMEM with or without bFGF (10 ng/ml) for 6 days. As shown in Fig. 3A , the addition of bFGF s t r o n g l y s u p p r e s s e d t e r m i n a l m y o g e n i c differentiation as represented by an almost complete lack of sarcomeric myosin expression. Quantitative analysis of the degree of myotube formation was performed, and the result was shown in Fig. 3B . In the presence of bFGF, myotube formation was severely suppressed to less than 10% of the control (P<0.01). On the other hand, cell proliferation, assessed on days 2 and 4 of culture, was unaffected by the presence of bFGF (Fig. 3C) .
The reason for the lack of responsiveness to bFGF of goat skeletal muscle stem cell proliferation is currently unknown. In this regard, however, it should be noted that Dodson and Mathison [15] reported that insulin promoted proliferation of ovine satellite cells, while it did not promote that of rat satellite cells. They also showed that rat satellite cells responded to insulin by fusing more rapidly than ovine satellite cells. From these results, they suggested that there may be a species difference in the responsiveness of satellite cells to hormones and/or growth factors and that the rat satellite cell cult ure sy stem may not necessarily be an appropriate model system for elucidating the growth/differentiation characteristics of ruminant satellite cells. Therefore, it is possible that the lack of responsiveness to bFGF of goat skeletal muscle stem cell proliferation is due to a species difference between rodents and ruminants. Recent evidence indicates that adult skeletal muscle contains a variety of stem cells that exhibit multipotency [6] [7] [8] . These stem cells include satellite cells that reside under the basement membrane of skeletal muscle fibers and other populations of cells that exist in non-satellite cell positions. Asakura et al. [6] and Yada et al. [9] showed that mouse and rat satellite cells are capable of differentiating to adipocytes when they are cultured in adipogenic differentiation medium. In addition, Uezumi et al. [16] recently reported that CD31(-)CD45(-) side population (SP) cells isolated from mouse skeletal muscle show great myogenic p o t e n t i a l a n d s t i l l r e t a i n t h e p o t e n t i a l t o differentiate to other mesenchymal lineages, such as osteocytes and adipocytes. In spite of these cumulative studies, few studies have been reported the multipotency of ruminant skeletal muscle stem cells. Therefore, goat skeletal muscle stem cells from the M. peroneus longus were cultured in adipogenic differentiation medium for 6 days and their adipogenicity was examined. On day 6 of culture, a large number of myotubes formed under adipogenic conditions along with some C/EBPα-positive mononucleated cells in the same culture ( Fig. 4A and B) , suggesting the occurrence of adipogenesis. These C/EBPα-positive cells were exclusive to desmin positive-myotubes. In the control culture in which cells were cultured in 10% FBS/DMEM, no C/EBPα-positive cells were observed (data not shown). The cultures were also stained with anti-PPARγ antibody, another adipogenic marker, and the presence of PPARγ-positive cells was confirmed (Fig. 4C) . Again, there were no PPARγ-positive cells in the control culture (data not shown). As the PPARγ-positive cells appeared to accumulate lipid droplet-like material within the cytoplasm, these cells were stained with Oil Red-O to discover if the accumulating material was indeed lipid droplet. As shown in Fig. 4D and E, PPARγ-positive cells were co-stained with Oil Red-O, indicating that these PPARγ/Oil Red-Opositive cells were indeed mature adipocytes.
Yada et al. [9] previously reported the presence of cells with adipogenicity in various skeletal muscles of the rat. We therefore examined whether the p r e s e n c e o f c e l l s w i t h a d i p o g e n i c i t y w a s generalized in the skeletal muscle of the goat. For this purpose, cells were isolated from the M. longissimus thoracis and Diaphragma as skeletal muscles other than the M. peroneus longus and were cultured in adipogenic differentiation medium for 6 days. Cells isolated from both muscles showed adipogenicity (Fig. 5) , suggesting the general presence of cells with adipogenicity in goat skeletal muscle. In the previous paper mentioned above, Yada et al. [9] indicated that the adipogenicity of the cells isolated from skeletal muscle was different according to the muscles used. We therefore initially intended to compare the adipogenicity of the cells from different skeletal muscles of the goat. However, although the presence of cells with adipogenicity itself was always comparable, the degree of adipogenicity was highly variable among the donor animals even if the same skeletal muscle was chosen for isolation of cells. Therefore, no quantitative analysis could be performed in the p r e s e n t s t u d y . S i m i l a r v a r i a t i o n i n t h e adipogenicity of cells from bovine skeletal muscle has been described for intramuscular adipose tissue by Torii et al. [17] . In this paper, the authors suggested that the variation might be due to sampling site variation in the density of cells with adipogenicity or in the sensitivity to adipogenic agents. Therefore, this may be the case in our study too, since only portions of the M. longissimus thoracis and Diaphragma were used for isolation of cells in the present study.
It has yet to be determined whether goat skeletal muscle cells that show adipogenicity posses myogenicity and vice versa. As described above, several investigators have demonstrated the presence of multipotent cells in rodents [6] [7] [8] and humans [8] . By clonal analysis in which cells were cultured individually, we have also produced evidence for the presence of cells with both adipogenicity and myogenicity in rat skeletal muscle (Murakami et al., unpublished data). Shefer et al. [18] demonstrated that satellite cells can spontaneously undergo adipogenic differentiation when they are cultured with their attached muscle fibers. Similar observations have also been made by us in a preliminary experiment in which freshly isolated goat skeletal muscle fibers were cultured, although the degree of adipogenic differentiation varied (data not shown). Therefore, it is highly possible that goat skeletal muscle contains cells having multipotency. To clarify this issue, clonal analysis of cells from goat skeletal muscle may be required.
In summary, we demonstrated isolation of adult skeletal muscle stem cells from the goat in the present study and showed their myogenic and adipogenic properties in vitro. Establishment of this culture system will be of value in elucidating t h e m e c h a n i s m s t h a t c o n t r o l g r o w t h / differentiation of stem cells in ruminant skeletal muscle.
